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INTRODUCTION
Human motor control comes with daunting challenges as even seemingly simple movements require well-timed orchestration of a plenitude of muscles. The motor system has abundant degrees of freedom (Bernstein, 1967) . It is commonly accepted that controlling them involves task-specific combinations of muscle activity, which are coined muscle synergies (d 'Avella et al., 2003; Dominici et al., 2011) . Synergies sometimes manifest in small-scale neural circuitries in the spinal cord (Lemay and Grill, 2004; Saltiel et al., 2001 ), although, in general, their underlying neural mechanisms remain unclear (Tresch and Jarc, 2009) . While there are some recent conjectures about muscle synergy representations in the motor cortex (Aumann and Prut, 2015; Bizzi and Cheung, 2013; Pirondini et al., 2017) , as of yet a thorough empirical proof of their existence in humans is still lacking. Signatures of cortical muscle synergy representations were shown in the primate brain (Overduin et al., 2015) . With the current study, we provide support by focusing on coherence between motor cortex oscillations and muscle synergies at specific frequency bands.
Phase locking of neural populations facilitates information transfer between them
and is apparent in the motor system at various levels. Within the motor network intraand interhemispheric phase locking is especially present in the beta frequency band (15-30 Hz) (Rueda-Delgado et al., 2014; van Wijk et al., 2012) . Long-distance phase locking is also visible as cortico-muscular coherence (Baker, 2007; Boonstra et al., 2009 ). Phase locking is believed to reflect entrainment of spinal motoneurons with the cortical motor nuclei (Mima and Hallett, 1999) . Coherent discharges, emerging from the summated activity of pyramidal neural populations at superficial cortical layers, propagate along the cortico-spinal tract (Baker et al., 1999; Witham et al., 2011) .
Muscles within a single muscle synergy may receive coherent neural input. From a binding perspective, one may expect that this multi-muscular drive is also reflected in cortico-muscular coherence involving multiple muscles. A multi-muscular binding hypothesis of the cortico-spinal drive has been investigated earlier (de Vries et al., 2016; Reyes et al., 2017) , but experimental assessments have been limited to oscillatory be-M A N U S C R I P T
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-4 / 25 -havior of cortico-spinal projections directed to pairs of muscles. Arguably, supra-spinal regions send common neural input to multiple muscles belonging to a single muscle synergy (Bizzi and Cheung, 2013) . In other words, neural pathways project to muscle synergies (Aumann and Prut, 2015) , imposing temporal and spatial features of the muscle synergy represented in the motor cortex on motor outflow.
Cortico-spinal entrainment is typically concentrated in the beta and lower gamma frequency bands. The latter 30-60 Hz band has been labelled the Piper rhythm (Brown, 2000) , to which dynamical tasks like locomotion (Petersen et al., 2012) and manual tasks (Mehrkanoon et al., 2014; Omlor et al., 2007) seem instantiated. Its functional role for sensorimotor behavior remains to be elucidated, but this rhythm seems to serve for correcting prediction errors (Mehrkanoon et al., 2014) . One may hypothesize that practicing a novel sensorimotor task can modulate neural oscillations along corticomuscular pathways in the Piper rhythm. Motor practice or training may, hence, involve adaptation of cortico-muscular signaling loops conveying Piper rhythm oscillations.
We investigated functional cortico-synergy connectivity and its plasticity in shortterm postural training. We expected Piper rhythm coherence between motor cortex and muscle synergies to be modulated as a function of practice, reflecting its band-and synergy-specific role in motor control.
METHODS
Participants and experimental paradigm
Fifteen healthy young adults (11 males and 4 females; mean±SD, age: 24.7±3.1 years; weight: 71.1±11.2 kg; height: 179.5±9.5 cm) were recruited by word of mouth. Participants were included when between 18 and 35 years old and right-legged. Exclusion criteria were: (I) injuries in the previous 6 months, (II) self-reported pain or discomfort or any range of motion limitation during activities of daily living and exercises, (III) a selfreported history of neurological disorders, or (IV) a history of participation in postural practicing sports (e.g., ballet, yoga, or gymnastics). Participants signed an informed M A N U S C R I P T
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-5 / 25 -consent prior to performing the experiment. The experimental design was approved by the ethical committee of the Faculty of Behavioural and Movement Sciences of the Vrije Universiteit Amsterdam (#VCWE-2016-200) . The experiment was conducted in accordance with the Declaration of Helsinki for experiments on humans.
The study was longitudinal including intra-individual pre-post comparisons between two timepoints (Fig. 1) . A single experiment consisted of a total of 20 trials: 10 pre-and 10 post-postural training. Participants stood unipedally on their preferred right leg at the center of a robotic-controlled balance board, which imposed rotational mechanical perturbations. Pre-and post-timepoints were interspersed by a postural training session, in which participants practiced their unipedal postural control on unstable boards for 30 minutes.
Participants were instructed to react adequately to the rotational mechanical perturbations by stabilizing their center-of-mass to the pre-perturbation equilibrium. Arms were placed along the body; however, participants were allowed to use them if needed to maintain balance. Participants did not wear shoes. A trial was considered as invalid when the participant stepped off the foot plate of the balance board, or grabbed one of the hand rails next to them to prevent falling. To minimize EEG artefacts, they were asked to fixate their gaze at a white cross of 10x10 cm at eye level on a wall at a distance of five meter.
…please insert Fig. 1 about here…
Rotational mechanical perturbations were imposed and controlled externally on the axis of the footplate using a HapticMaster (MOOG-FCS B.V., Nieuw-Vennep, The Netherlands). We used position-controlled perturbations to manipulate the axis beneath the robot-controlled board. The axis had one degree-of-freedom and only allowed rotation in the frontal plane. Perturbations had a sinusoidal time course of either +3° or -3°
and were imposed at a rate of ±0. In the postural training, participants practiced unipedal balancing on two socalled wobble boards. These boards varied in height in order to ensure that the postural task became more challenging. While practicing on different boards is recommended, standardization of the intensity, duration, and volume of the postural training programs is currently lacking except for general guidelines (Lesinski et al., 2015) . Conform these guidelines, participants performed five unipedal trials of 30s with 30s rest between trials on every wobble board. Between the two boards, participants got a rest of 5 minutes to avoid fatigue.
Data acquisition
Electro-encephalography (EEG), multivariate electromyography (EMG), and kinematics data were acquired at pre-and post-training timepoints. Sampling of EEG, EMG, and kinematic signals was synchronized.
Participants wore a 64-electrode EEG cap (TMSi, Twente, The Netherlands). The EEG cap was placed according to the international 10-20 standard. Impedance gel (SonoGel, Bad Camberg, Germany) was injected to keep impedances between the skin and electrodes below 10 kΩ. Every channel was recorded and 24-bits analogue-to-digital converted at a rate of 2,048 samples/s by a TMSi Refa 128-channel amplifier (TMSi, Twente, The Netherlands).
Ag/AgCl surface electrode pairs (Medicotest, Ambu® Blue Sensor®, type: N-00-S/25) were anatomically placed according to the SENIAM conventions (Hermens et al., 2000) . The inter-electrode distance was set at 20 mm. Surface EMG of the right tibialis anterior (TA), peroneus longus (PN), gastrocnemius medialis (GM), soleus (SO), rectus femoris (RF), vastus lateralis (VL), biceps femoris (BF), adductor longus (AL), and gluteus medius (GL) was measured at a rate of 2,048 samples/s. EMG was measured using driven-shielded wires, which minimize the potential effects of movements (e.g., cable M A N U S C R I P T
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-7 / 25 -sways). To reduce the residual effects of cable sways, cables were attached to the skin with adhesive tape. As EEG and EMG were acquired with the same 128-channel amplifier (64-channel EEG and remaining channels EMG), the ground channel of the EEG was used a reference for the unipolar EMG instead of placing reference electrodes. We used an average common reference of all EEG-and EMG-channels.
Kinematics was assessed via a 3D motion capture system (Optotrak, Northern Digital, Waterloo, ON, Canada). Three-dimensional positional data of 4 single LED markers were recorded of the hips (SIPS) and shoulders (posterior part acromion) bilaterally.
Kinematic data were acquired using one camera at a rate of 150 samples/s. Here, these data served to confirm improvements in postural control across the training session.
Data analysis
Pre-processing and artefact removal
All analyses were performed with custom-made functions involving the open-source FieldTrip Toolbox for MATLAB (Mathworks Inc., Natick, USA) (Oostenveld et al., 2011) .
From the average common reference of the EEG and EMG, the EEG was re-referenced to an average common reference and one bipolar EMG time series was derived from two monopolar EMG time series.
EEG and EMG time series were mean centered and band-pass filtered (bidirectional second-order Butterworth filter between 5 and 250 Hz). Line noise and its higher harmonics were removed using a bidirectional second-order Butterworth band stop filter around 50, 100, 150, and 200 Hz using a bandwidth of 0.5 Hz). EEG time series were temporarily re-referenced to channel F7 to detect bad channels. Individual channels were qualified as 'bad' in case the channel contained a flat line or an excessive mean or standard deviation in terms of amplitude. Exclusion based on amplitude yielded that the single-channel variance exceeded 3 times the standard deviation or 10 times the maximum of all channels. On average, 0.7 channels (range: 0-5 channels) were removed per trial. 'Bad' EEG channels were spherically interpolated using spline interpolation as a M A N U S C R I P T
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Additional artefact detection and removal were performed with independent component analysis (ICA). ICA was applied on the EEG time series using FieldTrip Toolbox functions including an extended fastica algorithm with online bias adjustment. Single ICmodes were excluded if their median frequency was lower than 1 Hz (i.e., movement artefacts) or higher than 60 Hz (muscular activity), or if the prefrontal channels were topologically dominant (eye movements). Sensor-level EEG was reconstructed after the set of artefact-containing IC-modes was discarded. The number of components removed at pre-and post-timepoint were 12.51±5.34 and 12.46±5.23 (mean±SD), respectively.
Rectified EMG signals were obtained from the modulus of the Hilbert transform, since rectifying the EMG is believed to provide an accurate representation of the overall oscillatory activity of the motor units (Boonstra and Breakspear, 2012) .
Muscle synergies
We extracted muscle synergies using non-negative matrix factorization (NMF) of the rectified EMG time series of nine stance leg muscles (TA, PN, GM, SO, RF, VL, BF, AL, and GL) (Lee and Seung, 2001 ). The rectified EMGs of consecutive trials and participants were concatenated and normalized to the standard deviation of individual muscles. We note that the rectified EMG was not low-pass filtered. Consequently, the resulting temporal activation patterns contained higher spectral content. These high-frequency temporal activation patterns served as input for the subsequent cortico-synergy coherence estimates. However, we do provide results on muscle synergies using more conventional A set of 1-9 muscle synergies was iteratively extracted with NMF. NMF was constrained to have 50 replicates with 1,000 iterations each and a termination tolerance of 10 -6 and 10 -4 for the change in temporal activation patterns and muscle weightings size M A N U S C R I P T
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Cortical source localization and reconstruction
Cortical source localization and reconstruction of the muscle synergies were conducted using inverse modelling on the z-transformed sensor-level EEG using DICS-beamformers (Groß et al., 2001 ). DICS-beamformers allow for the anatomically meaningful localization of cortico-synergy coherence between the sensor-level EEG and muscle synergies by considering the cross-spectral density matrix. We first built a forward model, which was based on a five-layer volume conduction model computed for the magnetic resonance imaging template of the FieldTrip toolbox (Oostenveld et al., 2011) Common spatial filters were estimated comprising sensor-level data of all timepoints and participants, excluding that cortico-synergy coherence modulation could be assigned to spatial filter variability. Common spatial filters were constrained to being real-valued and the regularization parameter of the cross-spectral density matrix was set at 5%. Spatial filters were parcellated to the automated anatomical labelling atlas (Tzourio-Mazoyer et al., 2002) . Given the results of coherence estimates and their corresponding pre-post training modulation, the left paracentral lobule was selected as region of interest. For all regions of interest, source time series were reconstructed by multiplying the spatial filters with the sensor-level EEG. To exclude that source-localized corticosynergy coherence to be the result of a single voxel including excessive coherence, we averaged over a sphere with a 10mm radius. For the left paracentral lobule, the corresponding source time courses were decomposed by singular value decomposition and the most prominent mode served as EEG time series for the cortico-synergy coherence.
Connectivity analysis
EEG and EMG time series containing the 30-40 movement-related potentials were timelocked into epochs from -400 to 600ms relative to perturbation onset. Coherence was M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
-11 / 25 -estimated between the source-reconstructed activity and temporal activation patterns, establishing cortico-synergy coherence. The temporal activation patterns were the direct output of the NMF. We applied multi-taper frequency-convolutions with Slepian sequences. We note that wavelet transformations yielded comparable cortico-synergy connectivity estimates as the multi-taper frequency convolution (results not shown). Epochs were pooled over perturbations, trials, and participants for both timepoints.
Kinematics
To verify that postural training effects had taken place, the behavioral performance was 
Statistical analysis
Cortico-synergy coherence estimates were pooled over perturbations for individual trials, equaling 150 representations per timepoint (10 trials × 15 participants). Cortico-synergy time-frequency coherence representations were compared using cluster-based permutation tests with a dependent t-test as test statistic and Timepoint as factor. We applied cluster-based permutation tests for two reasons: a cluster-based permutation test does M A N U S C R I P T
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The permuted distribution was estimated by partitioning the time-frequencyrepresentations into two data sets containing random samples of the original two timefrequency-representations. A test statistic was obtained from the permuted distribution after every partition. These two steps were repeated for 1,000 partitions. The MonteCarlo distribution of the test statistics was thresholded with a predefined α-level searching for significant spatial clusters. Probability distributions were thresholded for statistically significant clusters using a cluster α-level of .001 and α-level of .025 for the t-test.
Data and code availability statement
Data is available upon request.
RESULTS
Muscle synergies
The activity of the nine muscles could be decomposed into three correlative temporal activation patterns. Synergy 1 comprised temporal activation patterns of the gastrocnemius medialis, soleus, and rectus femoris, synergy 2 of the tibialis anterior, peroneus, gastrocnemius medialis, adductor longus, and gluteus medius, and synergy 3 of the vastus lateralis, biceps femoris, adductor longus, and gluteus medius ( Fig. 2A) . After the mechanical perturbation, onset at t=0s, a sequential activation of synergy 2 and synergy 3 occurred (Fig. 2B) . Synergy 2 was of special interest as it comprised most pronounced amplitude modulation following the mechanical perturbation. Synergy 1 was constantly active without considerable amplitude modulation. Sequential activation of synergies 2 and 3 was confirmed by the pairwise cross-covariance, which displayed maxima between the temporal activation patterns of synergy 2 and 3 at 44 and 37 ms pre-
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-13 / 25 -and post-training, respectively (Supplementary information, Fig. SI1 ). The three muscle synergies covered 87.1 and 87.2% of EMG variation pre-and post-training, respectively (Fig. 2C) . Increasing the number of extracted muscle synergies to 4 did add 4.1 and 4.0% of the EMG variation (Fig. 2D) . The temporal activation patterns, muscle weightings, and EMG variation were similar pre-and post-training. This implies that any modulation of cortico-synergy coherence cannot be assigned to the extraction of non-similar muscle synergies at these timepoints.
… please insert Fig. 2 about here… 
Cortical source localization and reconstruction
We selected the left paracentral lobule (left medial Brodmann area 6) as the region of interest for source reconstruction, because overall across timepoints and frequencies it yielded the maximum cortico-synergy coherence. In fact, this maximum coherence was found with synergy 2 (MNI-coordinates [-9.5, -1.5, 78.5] mm) (Fig. 3) . Coherent sources for synergies 1 and 3 were located in right Brodmann area 6 and right Brodmann area 7 (MNI-coordinates [14.5, -11.5, 68.5] and [22.5, -61.5, 46 .5] mm, respectively). Signatures of the Piper rhythm were also found at neighboring regions at the motor and supplementary motor area, however, their magnitude of the cortico-synergy coherence around this particular frequency band was clearly lower.
… please insert Fig. 3 about here… 
Cortico-synergy connectivity
Connectivity estimates revealed significant coherence between the source-reconstructed activity in the left paracentral lobule and temporal activation patterns in the beta frequency band and around the Piper rhythm ( Fig. 4A and B) . All three synergies reflected (Fig. 4C) .
Kinematics
The 
DISCUSSION
Muscle synergies have traditionally been considered as spinally driven spatiotemporal motor patterns. The spinal cord can generate neural output largely independent of the supra-spinal levels (Grillner and Zangger, 1979) . Over the years, evidence for independent spinal control came from studies on animal locomotion, which strongly relies on M A N U S C R I P T
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-15 / 25 -seemingly self-sustaining, rhythmic muscle activations to position the extremities (Grillner, 1985; Stein, 2005) . More recent work suggests the involvement of the sensorimotor cortex in the formation and control of muscle synergies in such modes of motor control (Aumann and Prut, 2015; Pirondini et al., 2017 ).
In the current study, we examined functional cortico-synergy connectivity in terms of cortical muscle synergy coherence in postural control and its plasticity with short-term motor training. We found that: (i) temporal activation patterns of muscle synergies are coherent with neural oscillations in the motor cortex, in particular in the paracentral lobule; (ii) the Piper rhythm involves functional cortico-spinal oscillations emerging during a postural control task; and (iii) cortico-synergy coherence around the
Piper rhythm decreases as a function of postural training.
Neural activation along the cortico-spinal axis is often believed to primarily reflect selective neural control of individual muscles (Bizzi and Cheung, 2013) . One example is beta-band coupling of the primary motor cortex to homologous hand muscles, which decreases during bimanual coordination when compared to unimanual movement (de Vries et al., 2016) . This drop in beta-band cortico-muscular coherence is likely to present a more dynamical and less stable motor output . The findings of the current study, however, demonstrate long-range synchronization between the motor cortex and multiple muscles jointly, indicative of an effective (i.e., low-dimensional) neural circuitry to propagate neural oscillations. Cortico-spinal connectivity consists of frequency-locked communication between cortical motor areas and motor unit pools along mono-synaptic descending projections, diverging to muscles belonging to a single muscle synergy (Aumann and Prut, 2015; Nazarpour et al., 2012) . Firing-rate-specific coupling may occur via closed neural loops (Lemon, 2008) , enabling the distinction between multiple muscle synergy loops, tailored to meet the biomechanical demands of the motor task at hand. Neural loops convey beta-band oscillations to maintain a stable motor state (Engel and Fries, 2010) , which become uncorrelated when shifting to higher movement frequencies (Brown, 2000) . Distinguishable roles of the beta-and gammaband oscillations may motivate the previous belief that cortico-spinal synchrony controls M A N U S C R I P T
-16 / 25 -individual muscles. Multiple synchrony rhythms may be involved in a single muscle synergy, as we identified synchronization of both beta-and gamma-oscillations. However, it remains to be seen whether the oscillations of this synchronization in the beta and gamma band are propagated along the same neural pathways or by parallel-adjacent pathways. In any case, our results show that the common neural input at the muscular level contains super-imposed correlated activity that is propagated from the motor cortex along cortico-spinal pathways.
We found Piper rhythm coherence between the motor cortex and synergistic muscle groups of the contra-lateral leg. Apparently, the cortico-spinal tract conveys the Piper rhythm from the motor cortex down to groups of muscles simultaneously rather than to individual muscles. Cortico-synergy commands may be considered higher order regulations to meet the specific postural demands. Neither the muscle synergy structure (muscle weightings and temporal activation patterns), nor its complexity (reconstruction quality) varied with postural training. That is, our participants employed a selection of a reasonably fixed set of cortical muscle synergy representations to meet postural demands. In fact, this can be confirmed by earlier studies showing largely constant muscle synergy representations at short time scale (Scott, 2003; Ting, 2007) . While the structure and complexity of this set of cortical muscle synergy representations was unaffected by short-term postural training, the task-specific cortico-synergy connectivity did modulate with postural training, i.e. it decreased in the Piper rhythm. Obviously, the motor system modulates by changing the firing rates of neural populations rather than adjusting the muscle synergies themselves (Schieber, 2002) .
Regional brain activity modulates when acquiring a novel motor task (Dayan and Cohen, 2011) . Short-term motor skill acquisition is associated with a decreased activity of the primary motor areas (Floyer-Lea and Matthews, 2005) . Arguably, the recruitment of less coherent or smaller neural populations is needed to generate proper output per- Earlier studies on cortico-muscular connectivity found a functional role for betaoscillations in practicing a novel motor task (Houweling et al., 2008; Larsen et al., 2016; Perez et al., 2006) . Their neural oscillatory upregulation reflects an increased likelihood to retain a stable motor output (Baker, 2007) . While the function to maintain a constant motor output is typically assigned to the beta-band oscillations , current findings support the hypothesis of Piper rhythm involvement in motor practice. The
Piper rhythm has been associated with the readiness to perform strong isometric and slow dynamic muscle contractions (Mehrkanoon et al., 2014; Mendez-Balbuena et al., 2011; Omlor et al., 2007; Petersen et al., 2012; Schoffelen et al., 2005) . Cortico-spinal gamma-band synchronization primarily emerges in dynamic motor tasks involving multisensory and complex sensorimotor integration (Engel and Fries, 2010) . Deafferented patients do not display cortico-muscular low-gamma synchrony between the motor cortex and upper extremity muscles during dynamic visuomotor tasks. This hints at a pivotal role of the Piper rhythm in proprioceptive feedback (Patino et al., 2008) . Our Piper rhythm modulation in the course of postural training might have been caused by a sensory re-weighting yielding a down-regulation of proprioceptive inputs. This is essential to control unilateral posture on a moving surface (van Dieën et al., 2015) .
Here, we focused on the coupling between the sensorimotor cortex and muscle synergies by examining connectivity using a non-directional measure (i.e., coherence).
Although coherence is generally accepted to quantify connectivity, by construction it does not provide any information about causality and cross-frequency coupling. The application of other connectivity measures (like bi-coherence, (spectral) Granger causality, or generalised phase-locking) may extend the insights into the cortico-synergy connectivity. Future research should address the directionality of the cortico-synergy connectivity and potential (cross-frequency) synchronization.
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-18 / 25 -From a behavioral point of the view, the decrease in Piper rhythm might be related to the predictability of the repetitive postural perturbations. A relatively high predictability of the perturbation-induced task may lead to a decrease in the Piper rhythm as a higher Piper rhythm has positively been correlated to an increased probability of movement prediction errors (Mehrkanoon et al., 2014) . Here, mechanical perturbations had a constant magnitude of |3°| and were imposed at a rate of ±0.8 Hz. Hence, interperturbation variability comprised the inter-perturbation time of 0-200 ms and perturbation direction (either clockwise or counter-clockwise). An increased capability to anticipate the mechanical perturbation (i.e., better ability to predict the biomechanical outcomes) will lead to a decrease in the Piper rhythm.
CONCLUSION
Coherent cortico-synergy pathways communicate neural oscillations between motor cortex and muscle synergies. Consequently, these cortico-synergy pathways act as a vehicle to transfer frequency-locked oscillatory activity from motor cortex to groups of muscles in the periphery and back to sensory areas. The transport along these neural path- 
